• An increase in the level of human capital accelerates the structural transformation of the economy.
Introduction
A large literature in growth theory is dedicated to examining human capital accumulation and structural change separately. Few work focuses on their relationship empirically and theoretically. Panel data estimations discover two new statistical regularities on structural change in the world economy: (1) there is a positive and statistically significant relationship between the stock of human capital and the speed of structural change; (2) compared to the developing countries, the positive correlation is smaller in developed countries.
1 In this paper, we propose a theory to explain the connections between human capital accumulation and the speed of structural change. Kongsamut et al. (1997 Kongsamut et al. ( , 2001 , henceforth KRX) develops a three-sector nonbalanced growth model to explain the Kuznets ✩ We would like to thank the anonymous referee and Eric Young (associated editor) for their very helpful comments and suggestions. Wang Gaowang thanks Humanity and Social Science Foundation of Ministry of Education of China (No. 16YJC790095) and Young Scholar Program of Shandong University, China (No. 2018WLJH09) for their financial supports. All remaining errors are our responsibility. facts 2 and argues that the reason for structural change is the difference in the income elasticity of demand for the three final goods (i.e., agriculture, manufacturing and services). They do not discuss the speed of structural change and human capital plays no role in their model. Hence the original KRX model cannot explain the observed new pattern about structural change. For the similar reasons, the supply-side literature to explain structural change, such as Baumol (1967) , Ngai and Pissarides (2007) , Acemoglu and Guerrieri (2008) , and Comin et al. (2017) , is not qualified for this job either. As is well known, Romer (1990) examines the growth effect of human capital in a neoclassical growth model by introducing a research and development sector and monopolistic competition, without considerations on structural change. To investigate the relationship between human capital and structural change, we combine the structural change model developed by KRX with the endogenous growth model by Romer (1990) in the paper. By introducing Romer (1990) 's endogenous technological change into the multi-sector growth model pioneered by KRX, the paper shows that human capital affects the speed of structural 2 The Kuznets facts roughly refer to the massive reallocations of both labor and output relative weights in GDP from agriculture into manufacturing and services.
3 In a closely related paper, Growiec and McAdam (2018) change from two channels: the growth channel and other ones. Under some appropriate conditions, an increase in the level of human capital accelerates the structural transformation of the economy, while the incremental effect of human capital on structural change is smaller at higher levels of human capital. This is saying, there are decreasing effects of human capital on structural change. The combined model matches the empirical findings very well. The rest of the paper is organized as follows. Section 2 presents our model. Section 3 examines how human capital accumulation affects structural change. Section 4 concludes.
The model
The production side of the economy consists of three sectors: a final-goods sector, an intermediate-goods sector, and a research sector. The final-goods sector is made up of three subsectors: agriculture, manufacturing and services. In each final-goods subsector, perfectly competitive firms produce a homogeneous final good using labor, human capital and all kinds of intermediate goods.
Each subsector utilizes the constant return to scale Cobb-Douglas production function with different technological parameters and factor income shares, namely,
where 
; the outputs of agriculture (A t ) and services (S t ) can be used for consumption, and the output of manufacturing can be consumed (M t ) or invested (
, then Eqs. (1), (2), and (3) are also market-clearing conditions for the three subsectors; the knowledge stock (Υ t ) of the economy is determined endogenously by the amount (H Υ t ) of human capital utilized in the knowledge sector and the current knowledge stock (Υ t ); finally, the prices of the products of the three final-goods P A , P M , and P S are positive.
The profit-maximization problem of each subsector i will be then discussed. By taking the price of its product P it , the wage rates of the labor force and human capital w Lt , w Ht , and the prices of all intermediate-goods
The FOCs with respect to N i t , h i t , and φ i jt are as follows
The first two optimality conditions show that the marginal product values of labor force and human capital equal the wage rates of them in each subsector i. The decision process of any monopolistic firm can be separated into two steps: first, he pays the price P j Υ t to buy the patent for producing intermediate good j in the competitive patents market, which is the sunk cost for the monopolistic firm. Since the patents market is competitive, the price of new design j is the present value of the profits flow
generated by monopolistic firm j, 
Optimization yields us the symmetric monopolistic pricing formula
Note that R t η is the marginal cost for producing additional unit of intermediate good, and 1/(1 − α − β) (> 1) is the mark-up over marginal cost. In order to earn the monopoly profit, all monopolistic firms price their products over their marginal costs. Moreover, all monopolistic firms set the same monopoly price and hence earns the same monopoly profit. Since all production factors (capital, labor and all intermediate goods) of the final-goods sector are freely mobile, by utilizing the symmetric property of the profit-maximization problem of the intermediate-goods sector, we can derive the efficiency condition of production,
which display that the optimal weights of labor, human capital and all intermediate goods employed in each subsector of the final-goods sector are equal. Furthermore, if we set P M = 1 in equilibrium, then the (relative) prices of agriculture and services are constant, namely,
The research sector uses human capital H Υ t and the existing stock of knowledge Υ t to produce new knowledge, with the following knowledge production function
where ϵ (> 0) is the productivity parameter. The knowledge production function shows that devoting more human capital to research leads to a higher production rate of new designs, and the larger the total stock of designs is, the higher the productivity of the researchers employed in the research sector will be. Due to its partially excludability and nonrivalry of consumption, the production of knowledge cannot be determined by the private maximizing behavior. The evolution of knowledge however follows the trajectory described by Eq. (11). In the paper, knowledge refers to designs for new intermediate goods. Then the accumulation of knowledge represents the increase of the types of intermediate goods.
Since human capital is freely mobile, no arbitrage requires it has the same rate of return among the research sector and three subsectors in the final-goods sector, namely,
The representative consumer makes consumption and asset accumulation decisions in order to maximize the discounted utility of consumption stream for three final goods, namely,
subject to the flow budget constraint (FBC):
where ρ ∈ (0, 1) is the subjective time preference rate; σ ∈ (0, +∞) is the constant coefficient of relative risk aversion; A (> 0) is the level of subsistence consumption, M (> 0) and S (> 0) represent home production of manufacturing and services; u, v, w ∈ (0, 1) stand for the relative utility weights of consumption for agriculture, manufacturing and services, satisfying u + v + w = 1.
Solving the utility-maximizing problem gives us the consumption Euler equation
Human capital and structural change on the GBGP
Since all intermediate-good firms are monopoly firms, the decentralized equilibrium of the multi-sector economy is a monopolistic competitive equilibrium, which is determined by (1)- (6), (8), (9), (11), (12), (14), (15) and the initial and transversality conditions. A generalized balanced growth path (GBGP) is defined as a trajectory along which the real interest rate is a constant, R * . Imposing the knife-edge condition
we solve the stationary equilibrium as follows:
where Λ ≡ α/(α + β) (1 − α − β). Eq. (19) shows that the rate of economic growth depends on the total stock of human capital, time discount rate, and technological parameters of the research and final-goods sectors. The larger the total stock of human capital in the economy is, the more the human capital employed in the research sector becomes
, the faster knowledge accumulates
. Hence the rate of economic growth will be higher (∂g * /∂H = ϵ/(σ Λ + 1) > 0).
On the GBGP, using (1), (2), (3), (15), (19), and (16), we obtain the dynamic equations for the employment shares of the three final goods
Hence we have the following (22), the employment and production shares decline in agriculture, rise in both manufacturing and services.
Theorem 1. A generalized balanced growth path (GBGP) with a constant equilibrium interest rate (18) and a constant equilibrium endogenous growth rate (19) exists whenever the knife-edge condition (16) holds. On the GBGP, as is implied by Eqs. (20), (21), and
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Theorem 1 shows that on the GBGP if technology changes and hence the economy grows endogenously, because the demand elasticity of income for agriculture is less than one and the demand elasticities for both manufacturing and services are larger than one, along with the growth of the economy, even though all the three final goods expand, the speeds of expansion for both manufacturing and services are larger than the one for agriculture, then the employment and production shares of agriculture decrease gradually, the ones for manufacturing and services increase correspondingly. Labor forces in the economy transfer from agriculture to both manufacturing and services, which displays that the industry structure upgrades gradually.
From Eqs. (20), (21), and (22), we can decompose the aggregate effects on structural changes of human capital into two different parts. The first part (g * /(Υ 0 exp (g * t))) stems from economic growth. Since the term g * /(Υ 0 exp (g * t)) is not a monotone function of g * , even though the equilibrium growth rate g * is increasing with respect to human capital H, i.e., ∂g * /∂H > 0, we are not sure of its net effects on structural change. However, if there exist no innovations and (hence) no growths, namely, g * = 0, even though the demand elasticities among the three final goods are different, the industrial structure will not change, i.e., also displays ambiguous structural-change effect of human capital through other channels than growth. To examine the aggregate effects of human capital accumulation on the speed of structural change, we take the first and second derivatives on both sides of Eqs. (20)- (22) with respect to H:
To guarantee positive growth and finite objective, we impose the following 
, where
] .
The proof of Theorem 2 can be found in the online appendix D. The positivity of the three first derivatives in Theorem 2 displays 6 Assumption 1 is made implicitly in the Romer (1990) 
Conclusion
By introducing Romer (1990) 's endogenous technological change into the multi-sector growth model pioneered by KRX (1997 KRX ( , 2001 ), the paper shows that under some appropriate conditions, an increase in the level of human capital accelerates the structural transformation of the economy, while the incremental effect of human capital on structural change is smaller at higher levels of human capital. This is saying that there are decreasing effects of human capital on structural change. The theoretical results of the combined model matches the empirical findings very well.
Appendix A. Supplementary data
Supplementary material related to this article can be found online at https://doi.org/10.1016/j.econlet.2018.10.018.
